Neutrophils are important effector cells of the immune system. They are constantly produced in large numbers in the bone marrow. After maturation they enter the blood circulation and usually die within a short period of time due to apoptosis. 1, 2 Thus, neutrophil numbers are controlled by the rates of both differentiation and apoptosis. During bacterial and fungal infections, it is well known that neutrophil numbers increase due to a higher production of these cells. However, neutrophil apoptosis is also delayed under these conditions, largely due to the same cytokines, which drive their differentiation, particularly granulocyte colony-stimulating factor (G-CSF) and granulocyte-macrophage colony-stimulating factor (GM-CSF). 3, 4 Decreased rates of neutrophil apoptosis maintain inflammation and prevent the resolution of inflammatory responses in vivo. 5, 6 During the resolution of inflammation, increased neutrophil apoptosis occurs and apoptotic neutrophils are phagocytosed by other cells. 7 Though it is clear that apoptosis contributes to the regulation of neutrophil numbers under both physiologic and pathologic conditions, it remains unclear how the process of lifespan prolongation of mature neutrophils by survival cytokines is limited. For instance, what mechanisms control the expansion of neutrophils during inflammatory processes? Why does neutrophil apoptosis, although delayed, still occur? What limits the lifespan of neutrophils exposed to survival cytokines? Clearly, these questions are of fundamental importance to our understanding of how inflammation is regulated and address obvious therapeutic implications.
Apoptosis of neutrophils under conditions of cytokine withdrawal occurs via the mitochondria-dependent death pathway, which is known to be regulated by members of the Bcl-2 family. 1 These proteins share one or more Bcl-2 homology (BH) domains and can be divided into prosurvival proteins (such as A1, Bcl-2, Bcl-x L , Mcl-1), proapoptotic Bax/ Bak-like proteins that contain more than one BH-domain, and proapoptotic BH3-only proteins (such as Bad, Bim, Bid, Noxa, Puma). 8 It is now widely accepted that the balance between proapoptotic and prosurvival Bcl-2-like relatives determines cell fate. 8 Under steady-state conditions, neutrophils express high levels of proapoptotic but only small amounts of antiapoptotic Bcl-2 family members. 3, 9, 10 Survival cytokines appear to mediate their antiapoptotic effects, at least partially, by increasing Mcl-1, 10-12 A1, 10, 13 and/or Bcl-x L . 3, 9, 14 In contrast, mature neutrophils did not demonstrate detectable levels of Bcl-2 on GM-CSF or G-CSF stimulation. 3, 15 Moreover, the expression of proapoptotic proteins, such as Bad, Bax, Bak, or Bik, was unaffected under conditions of delayed neutrophil apoptosis. 10 The proapoptotic BH3-only protein Bim is thought to play a major role in promoting cell death following withdrawal of survival factors. For instance, it has been shown that Bim is de novo synthesized in several hematopoietic cell lines, primary neurons, osteoclasts, and fibroblasts following withdrawal of survival factors. [16] [17] [18] [19] [20] [21] Moreover, Bim À/À B and T cells as well as granulocytes show relative resistance to cytokine deprivation. 21, 22 Here, we report the surprising finding that some survival cytokines induce Bim gene expression in neutrophils. The induction of proapoptotic Bim by antiapoptotic cytokines seems to be of fundamental importance to limit neutrophil antiapoptosis, as Bim deficiency dramatically enhanced the lifespan of neutrophils in the presence of survival cytokines. We therefore provide evidence that survival cytokines not only initiate antiapoptotic and thereby proinflammatory molecular events in neutrophils, but also induce mechanisms required for inflammation limitation and resolution, respectively.
Results

Bim
expression is reduced during terminal differentiation of neutrophils. We investigated Bim expression on purified immature bone marrow and mature blood neutrophil populations using immunoblot analysis. Both immature and mature neutrophils expressed all three known isoforms of Bim: Bim EL , Bim L , and Bim S . Bim EL was always higher expressed compared with Bim L and Bim S (Figure 1 ). The three isoforms of Bim were identified at the same molecular size as found in human embryonic kidney HEK-293 cells, which were used as a positive control (data not shown). 23 Moreover, Bim expression was lower in mature neutrophils compared with immature neutrophils (Figure 1 ). We also analyzed the expression of dynein light chains (DLC) 1 and 2 that were described as being able to sequester Bim and Bmf, respectively. 24,25 DLC1/2 was seen at much higher levels in immature neutrophils compared with mature neutrophils (Figure 1) , a finding, which may explain, at least partially, why immature neutrophils tolerate high Bim levels without undergoing rapid apoptosis. 26 In the course of these experiments, we also investigated the expression of other members of the Bcl-2 family in both immature and mature neutrophils. Bcl-2 expression was clearly detectable in immature but not in mature neutrophils (Figure 1) . Similarly, Bcl-x L was seen in immature but not in mature neutrophils (data not shown). In contrast to Bcl-2 and Bcl-x L , Mcl-1 was found equally expressed in immature and mature neutrophils, suggesting that it does not disappear during terminal differentiation. The proapoptotic members Bid and Bax were also expressed at similar levels in both immature and mature neutrophils.
Bim expression is inducible in neutrophils on GM-CSF and G-CSF stimulation. During maturation, neutrophils are exposed to high levels of cytokines in the bone marrow that regulate gene expression. Some of these cytokines, such as GM-CSF and G-CSF, are also elevated in bacterial infectious diseases.
3, 4 We therefore tested the hypothesis whether these cytokines are able to induce Bim in mature neutrophils. In initial experiments, we observed that Bim mRNA was 12.64-fold induced in neutrophils following 7 h GM-CSF stimulation using an oligonucleotide microarray assay, in which we screened the regulation of 12 599 genes in these cells. 27 This finding was striking, because GM-CSF is known as a neutrophil survival factor. To validate these findings at the protein level, we performed immunoblotting experiments. Indeed, both GM-CSF and G-CSF also induced proapoptotic Bim protein expression in neutrophils (Figure 2a) . Increased expression of all Bim isoforms was observed, although levels of Bim EL were particularly enhanced (Figure 2b ). Moreover, this isoform exhibited an apparent higher molecular weight (Figure 2a ), perhaps as a consequence of phosphorylation. 21 Indeed, treatment of protein extracts with l-phosphatase demonstrated that the modification of Bim EL was due to a change in phosphorylation (Figure 2c ). In addition, we noticed a small increase of Bim expression in cultured neutrophils derived from most normal donors in the absence of survival factors (Figure 2a,b) . Time-course experiments revealed that Bim levels were increased within 8 h in mature neutrophils on stimulation with GM-CSF, peaked at 12 h, and higher Bim levels were maintained up to 24 h (Figure 2d ).
In the course of these experiments, we obtained the following additional information: GM-CSF and G-CSF maintained or slightly increased Mcl-1 levels for a limited time period that, however, rapidly declined in the absence of cytokine support (Figure 2d ). Bid levels also declined more rapidly in the absence of survival cytokines (Figure 2d ). In contrast, Bax levels were not affected by GM-CSF and G-CSF stimulation (Figure 2d ). In addition, we did not observe Figure 1 Expression of Bcl-2 family members in freshly purified immature and mature human neutrophils as assessed by immunoblotting. DLC1/2 expression was also investigated. Filters were reprobed with anti-GAPDH mAb to ensure equal loading of the gels. For both immature and mature neutrophil populations, results from different donors are shown increased Bcl-2, Bcl-x L , and DLC1/2 levels under these conditions in neutrophils (data not shown). We also tested whether eosinophils exhibit higher Bim levels after survival factor stimulation. In contrast to neutrophils, Bim levels were the same in the presence and absence of IL-3, IL-5, and GM-CSF in 6-h cultured eosinophils ( Figure 2e ). We also did not obtain evidence for cytokine-mediated increases in Bim expression in eosinophils at later time points (data not shown).
GM-CSF-mediated increase in Bim expression is the consequence of transcriptional activation of the Bim gene and involves the PI3K pathway. We treated neutrophils with actinomycin D and cycloheximide to block transcription and translation, respectively. Pharmacological inhibition of both transcription and translation blocked GM-CSF-mediated increases in Bim expression (Figure 3a) , suggesting that increased Bim levels are likely due to transcriptional activation of the Bim gene. Indeed, GM-CSF rapidly induced Bim mRNA expression as assessed by a quantitative real-time PCR technique (Figure 3b ). These findings confirmed our initial observation using oligonucleotide microarrays that suggested increased Bim mRNA levels in neutrophils exposed to GM-CSF.
To test whether activation of the Bim gene involves the activation of PI3K and/or mitogen-activated protein kinase (MAPK) pathways, mature human neutrophils were preincubated with different concentrations of defined kinase inhibitors. LY294002, an inhibitor of PI3K, completely prevented GM-CSF-mediated increases in Bim expression and survival ( Figure 4a) . A time-course experiment revealed that the presence of LY294002 did not allow Bim increases at any time point (Figure 4b ). The extracellular-signal regulated kinase (ERK) inhibitor PD098059 partially blocked survival and increased the expression of all splice variants of Bim in the presence of GM-CSF, but had no effect on the mobility shift of Bim EL (Figure 4c ). On the other hand, the p38 MAPK inhibitor SB203580 and the Jun kinase inhibitor (JNK) inhibitor SP600125 had no influence on Bim levels in GM-CSF-stimulated neutrophils (Figure 4d ). These data suggest that the PI3K pathway is required for the induction of the Bim gene, and that this pathway is partially blocked by ERK-mediated signaling events.
Increased Bim expression in sepsis neutrophils. We hypothesized at this point that Bim levels might be higher in patients suffering from bacterial infections. Indeed, neutrophils derived from the blood of septic shock patients demonstrated evidence for increased Bim expression in spite of increased viability compared with blood neutrophils from healthy control individuals ( Figure 5 ). Although it cannot be excluded that this might be partially due to the occurrence of immature neutrophils in blood of septic shock patients (we observed strong Bcl-2 expression in one of three patients), the data point to the possibility that mature neutrophils are triggered to express higher levels of Bim under inflammatory conditions in vivo. In contrast to Bim, Bax and Bid levels were not affected ( Figure 5 ), suggesting that both terminal differentiation ( Figure 1 ) and the inflammatory environment in septic shock patients does not influence Bax and Bid levels in neutrophils.
Bim limits prolonged cytokine-mediated survival of neutrophils. To address Bim functions in neutrophils, we switched to an in vitro mouse system using Bim-deficient animals. In initial experiments, normal mature bone marrow neutrophils from Bim þ / þ and Bim þ /À mice were isolated, and then cultured in the presence and absence of GM-CSF and IL-3, respectively, for 8 h. As expected, Bim levels were lower in Bim þ /À compared with Bim þ / þ mice (Figure 6a ). Neutrophils from both mouse strains, however, demonstrated increased Bim levels after stimulation with GM-CSF and IL-3, respectively (Figure 6a ), suggesting that mouse mature neutrophils represent a suitable model to study the role of Bim on the regulation of neutrophil death both in the presence and absence of survival factors.
We, therefore, purified neutrophils from
, and Bim À/À mice. Mature neutrophils were isolated from both bone marrow and blood, and then cultured for the indicated times. Spontaneous neutrophil death was delayed in Bim À/À compared with Bim þ / þ mice, confirming previously published work. 22 In (Figure 6b , left panels). The differences between wild-type and Bim-deficient neutrophils were even more pronounced under conditions of survival factor exposure. Bone marrow Bim À/À neutrophils exposed to IL-3 did not die in the time period between 24 and 96 h, whereas wild-type neutrophils demonstrated some cell death under these conditions (Figure 6b, upper right panel) . Similarly, GM-CSF delayed much stronger neutrophil death in Bim À/À compared with wild-type bone marrow neutrophils (Figure 6b, lower right panel) . Blood neutrophils behaved similar as bone marrow neutrophils: IL-3 or GM-CSF and Bim-deficiency synergistically prolonged neutrophil survival (data not shown).
Discussion
Survival factor deprivation is thought to induce the Bim gene, resulting in cell death, and, readdition of the survival factors after withdrawal is believed to reduce Bim expression associated with increased cell survival. [16] [17] [18] [19] [20] [21] In this paper, we demonstrate that neutrophils, which represent one of the most frequent cell types in multicellular organisms, do not follow this dogma. In contrast to other cells, we show that survival cytokines (GM-CSF and G-CSF) induce Bim gene expression in neutrophils. It is possible that cytokine-mediated Bim upregulation is specific for neutrophils, because we did not observe elevated Bim levels in eosinophils on IL-3, IL-5, and GM-CSF stimulation. In addition, dendritic cells have been shown to downregulate Bim in the presence of GM-CSF. 28 Survival factor induced upregulation of proapoptotic Bcl-2 family members in neutrophils appears to be specific for Bim, because we did not observe changes in the expression of Bax and Bid. Moreover, Bak, Bad, and Bik expressions were also reported to be unaffected in neutrophils on GM-CSF treatment. 10 We performed some initial experiments using pharmacological inhibitors to gain some insights into the regulation of the Bim gene in neutrophils. Surprisingly, we obtained evidence that PI3K is a crucial element in this pathway. In other cells, it has been reported that PI3K is rather involved in the downregulation of Bim expression 17, [29] [30] [31] [32] [33] [34] or in Bim EL phosphorylation resulting in reduced Bim activity. 21, 35 That Bim levels do not necessarily correlate with cell survival has been reported in other experimental cell death systems. For instance, toll-like receptor (TLR) stimulation induced Bim in macrophages in the absence of marked apoptosis. 36 Moreover, TLR stimulation increased survival of dendritic cells and concomitantly induced Bcl-x L , Mcl-1, and Bim. 28 Fcå RI activation increased mast cell survival and, at the same time, levels of both Bcl-x L and Bim. 37 LPS, IL-15, IL-1, and IL-7 increased T-cell survival and induced Bim, but did not affect the expression of the prosurvival proteins Bcl-2, Bcl-x L , and Mcl-1. 38 It has also been reported that the expression of Mcl-1, A1, and Bim increases in 24 h mouse neutrophil cultures in the presence of LPS compared with cells cultured in medium alone. 38 However, as the authors of the latter study did not include freshly isolated mouse neutrophils in their experimental settings, it remained unclear whether LPS induced the Bim gene or whether it just maintained Bim levels for a longer period of time. Most of these studies show that increased Bim levels occur in association with increases in the expression of members of the Bcl-2 family with prosurvival activities. This could explain why these cells survive despite of elevated Bim levels. In neutrophils, the most likely candidate that might fulfill this function is Mcl-1. Besides proapoptotic Bcl-2 family members, other mechanisms may also contribute to the regulation of Bim activity. For instance, it has been shown that both Bim EL and Bim L can be sequestered by the microtubular dynein-motor complex through binding to DLC1. 24 On the other hand, it was found that most of the cellular Bim EL and Bim L is localized at the mitochondria and is hardly associated to microtubules in primary T and B cells. 39, 40 We found increased levels of DLC1/2 in immature compared with mature neutrophils. In contrast to Bim, DCL1/2 were not inducible in mature neutrophils stimulated with GM-CSF. This might explain why Bim is functionally active in mature neutrophils under these conditions.
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In this study, we observed a marked mobility shift of the extra-long form of Bim following survival factor stimulation in neutrophils. However, this shift was not complete, leaving a considerable amount of unphosphorylated Bim EL . Furthermore, although phosphorylation of Bim may suggest the partial inactivation of the extra-long form, it should be noted that the long and short forms did not seem to be affected. The potential GM-CSF-mediated Bim EL phosphorylation in neutrophils most likely involves PI3K, as the mobility shift of Bim EL was not seen in the presence of LY294002. Phosphorylation of Bim EL has been reported to be PI3K, 35 ERK, 21 or JNK 21 dependent. Most studies concluded that phosphorylated Bim EL would result in reduced proapoptotic activity, but the opposite has also been observed. 21 In conclusion, the effects of Bim EL phosphorylation on Bim activity and neutrophil survival remain to be investigated. Nevertheless, the results of this study demonstrate a proapoptotic role of Bim in neutrophils both in the presence and absence of survival cytokines.
The precise investigation of molecular mechanisms in neutrophils has been difficult, because the cells are fragile and undergo rapid spontaneous apoptosis. Plasmid transfection appeared to be impossible in neutrophils, 41 limiting the common approaches to study apoptotic pathways in these cells. Therefore, to investigate a possible function of Bim, we assessed cell death of neutrophils derived from wild-type and Bim-deficient mice. We demonstrate in this study that the presence of Bim largely reduces the lifespan of these cells, particularly when exposed to survival cytokines. Moreover, Bim deficiency has been demonstrated to promote neutrophil accumulation in vivo. 16 Therefore, increased levels of Bim in neutrophils under inflammatory conditions may represent an important mechanism, which limits inflammatory responses.
Bim is not the first identified molecule that counterregulates inflammatory responses. For instance, cytokines also induce members of the suppressors or cytokine signaling (SOCS) family that antagonize subsequent cytokine signaling in neutrophils. 42 Downregulation of cytokine receptors may also lead to cytokine unresponsiveness of these cells. 43 Moreover, neutrophils have been described to switch their lipid mediator production from leukotrienes to antiinflammatory lipoxins 44 and to generate IL-10. 45 Taken together, the results of this study suggest that the induction of the Bim gene represents one important molecular event occurring in neutrophils early in inflammation that, in concert with other counterregulatory mechanisms, contributes to the limitation of inflammatory responses and/or to their resolutions.
Materials and Methods
Reagents. Recombinant cytokines were purchased as follows: human GM-CSF was from Novartis Pharma GmbH (Nürnberg, Germany), human G-CSF was from Aventis Pharma AG (Zürich, Switzerland), human IL-5 and mouse GM-CSF were from R&D Systems Europe Ltd (Abingdon, UK), and mouse IL-3 was from BD Biosciences (Basel, Switzerland). The pharmacological inhibitors actinomycin D, cycloheximide, LY294002, SB203580, and SP600125 were from CalbiochemNovabiochem Corp. (La Jolla, CA, USA). PD98059 was from Alexis (Lausen, Switzerland). Antibodies were obtained as follows: anti-human Bax was from BD Biosciences, anti-human Bcl-2 mAb was from Dako (Baar, Switzerland), anti-human Bid was from R&D Systems, anti-Bim Abs were from Stressgen Bioreagents (Victoria, BC, Canada) and Sigma-Aldrich (Buchs, Switzerland), anti-DLC1/2 mAb (this mAb detects both DLC1and DLC2) was from Alexis, anti-Mcl-1 mAb was from Calbiochem-Novabiochem, and anti-GAPDH mAb was from Chemicon International Inc. (Juro, Lucerne, Switzerland). Horseradish peroxidase Cells. Mature blood neutrophils were isolated from peripheral blood of healthy donors and patients suffering from septic shock by Ficoll-Hypaque centrifugation. 6, 46 Briefly, peripheral blood mononuclear cells were separated by centrifugation on Ficoll-Hypaque (Seromed-Fakola AG, Basel, Switzerland). The lower phase, mainly granulocytes and erythrocytes, was treated with erythrocyte lysis solution (155 mmol/l NH 4 Cl, 10 mmol/l KHCO 3 , and 0.1 mmol/l EDTA, pH 7.3). The resulting cell populations contained greater than 95% mature neutrophils as assessed by staining with Diff-Quik (Medion GmbH, Düdingen, Switzerland) and light microscopy analysis.
Immature neutrophils were isolated from bone marrow aspirates with normal cellular morphology and distribution as described previously. 26, 47 Briefly, following centrifugation on a two-step discontinuous percoll density gradient, cells were negatively isolated using anti-CD7 and anti-CD36 mAbs to eliminate contaminating lymphoid and erythroid precursors. The resulting cell population contained 497% cells of the neutrophil lineage as determined by myeloperoxidase staining, flow cytometric analysis of lineage-associated surface proteins, 26 as well as with DiffQuik and light microscopy. The proportion of mature neutrophils was less than 5%.
Peripheral blood eosinophils from control individuals were purified as described previously. 48, 49 The resulting cell populations contained more than 99% eosinophils as controlled by staining with Diff-Quik and light microscopy.
All individuals who donated blood or bone marrow aspirates signed a written informed consent agreement in accordance with the Declaration of Helsinki. The study was approved by the local medical ethics committee (the Kantonale Ethikkommission Bern).
Mature neutrophils were also isolated from the bone marrow and blood of Bim
, and Bim À/À mice (B6.129S1-Bcl2l11tm1.1Ast/J; Jackson Laboratory, Bar Habor, Maine, USA; kindly provided by Dr. Christoph Müller, Bern, Switzerland) as previously described. 6 The purity of the resulting mouse neutrophil populations was 490% (bone marrow) and 495% (blood), respectively, as assessed by staining with Diff-Quick and light microscopy analysis. For all experiments, mice with a C57BL/6J background that were 5-8 weeks old were used. Mice were maintained under pathogen-free conditions. All animal experiments were reviewed and approved by the Animal Experimentation Review Board of the State of Bern.
Cell cultures. Human blood neutrophils and eosinophils, as well as mouse bone marrow neutrophils were cultured at 1 Â 10 6 /ml. Mouse blood neutrophils were used at 25 Â 10 4 /ml. Cells were cultures in complete culture medium (RPMI 1640 containing 10% fetal calf serum) in the presence or absence of GM-CSF (human: 10 ng/ml; mouse: 0.1 ng/ml), G-CSF (25 ng/ml), IL-3 (human: 10 ng/ml; mouse: 1 mg/ml), and IL-5 (25 ng/ml) for the indicated time periods. Neutrophils were also treated with actinomycin D (10 mg/ml), cycloheximide (50 mg/ml), LY294002 (25 mM), SB203580 (10 mM), SP600125 (10 mM), and PD98059 (50 mM). The inhibitors were added 30 min before cytokine stimulation.
Immunoblotting. Cultured cells were washed with phosphate-buffered saline (PBS) supplemented with a protease inhibitor cocktail (Sigma-Aldrich) and lysed with RIPA buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.25% sodium deoxycholate, 1% Nonidet P-40, 1 mM EGTA) supplemented with protease inhibitor cocktail with frequent vortexing on ice for 15 min. To analyze possible Bim phosphorylation, extracts were left untreated or treated with l-phosphatase for 30 min at 301C. 50 After a 10-min centrifugation to remove insoluble particles, equal amounts of the cell lysates were loaded on gels (NuPage; Invitrogen). Separated proteins were electrotransferred onto polyvinylidene difluoride (PVDF) membranes (Immobilon-P; Millipore, Bedford, MA, USA). The filters were incubated overnight at 41C in TBS/0.1% Tween-20/5% nonfat dry milk with anti-Bax, anti-Bcl-2, anti-Bid, anti-Bim, anti-DLC1/2, and anti-Mcl-1 Abs (all at 1/1000). For loading controls, stripped filters were incubated with anti-GAPDH mAb (1/10 000). Filters were washed in TBS/0.1% Tween-20/5% nonfat dry milk for 30 min at room temperature and incubated with the appropriate HRP-conjugated secondary Ab (Amersham) in TBS/0.1% Tween-20/5% nonfat dry milk for 1 h. Filters were developed by an enhanced chemiluminescence technique (ECL kit; Amersham) according to the manufacturer's instructions.
Determination of cell death. Cell death was assessed by uptake of 1 mM ethidium bromide and flow cytometric analysis (FACS Calibur; BD Biosciences). 6, 46, 47 Quantitative real-time PCR (TaqMan). Total RNA (1 mg) isolated with Trizol reagent (Invitrogen) was used for reverse transcriptase PCR (iScript select cDNA synthesis kit; Bio-Rad, Basel, Switzerland) using random primer for amplification. After cDNA synthesis, 1 ml of PCR product was used for further analysis. The real-time PCR reaction was carried out in PCR plates from ABgen (Thermo-Fast 96 Detection Plate; Axonlab, Baden, Switzerland). Probes and primers for human Bim (hs00197982_m1) and 18S were obtained from Applied Biosystems (Warrington, UK) and the reporter dyes chosen were FAM and VIC, respectively. The PCR buffer used in the experiments was from ABgene (Absolute QPCR ROX Mix; Axonlab). The run was performed on the iQ5 Multicolor Real-Time PCR detection system from Bio-Rad. The cycling conditions were as follows: 951C for 15 min (1 cycle), 951C for 15 s, and 601C for 1 min (40 cycles). The Bio-Rad iQ5 2.0 Standard edition optical system software was used to analyze real time and endpoint fluorescence.
Statistical analysis. Statistical analysis was performed with the Mann-Whitney U test. If mean levels are presented, the standard deviation of the mean (S.D.) and the number (n) of independent experiments is indicated in each case. A probability value of o0.05 was considered statistically significant.
